. The disease is considered economically significant due to its ability to cause severe immunosuppression, leading to increased susceptibility to bacterial and viral infections [1] and often resulting in suboptimal protection after vaccination [2] . The non-enveloped virus that causes the disease, infectious bursal disease virus (IBDV), is highly stable and resistant to inactivation by common disinfectants, persisting in the environment despite thorough cleaning and disinfection [3] . Avian influenza viruses (AIV), on the other hand, are highly susceptible to most disinfectants because they are enveloped viruses, by nature easier to eliminate [4] . The envelope, a phospholipid bilayer, is highly susceptible to cleaning and disinfection methods. In addition, a lax capsid allows a fast inactivation after treatment with several disinfectants [5, 6] . Several high-and low-pathogenic (LP) AIV outbreaks have caused disease in poultry, resulting in major economic losses to the commercial poultry industry [7] .
Hence, for biosecurity reasons, the use of disinfectants effective in inactivating nonenveloped and enveloped viruses, IBDV and AIV, respectively, is extremely necessary. Despite the difficulty associated with the inactivation of IBDV, there are several disinfectants available that are capable of eliminating the virus. Studying the disinfecting activity of merthiolate, phenol, and formalin against IBDV, Benton et al. found that 0.5% formalin was capable of reducing virus infectivity after a 6-hour contact time, while phenol and merthiolate were unable to inactivate the virus [8] . Invert soap, when combined with 0.05% NaOH for alkalization, inactivated IBDV after 30 min of incubation at room temperature [9] . Additionally, a quaternary ammonia compound was found to be very effective against swine vesicular disease virus (SVDV), also a non-enveloped virus, within 60 min with the addition of 0.05% NaOH [10] . In terms of AIV, the virus was found to be inactivated completely at various temperatures after only one min of contact time with 0.5% potassium peroxymonosulfate (MPS), 0.25% MPS + 0.025% sodium dichloroisocyanurate (NaDCC), 0.3% NaDCC, or 0.1% glutaraldehyde [4] . However, some of the aforementioned studies were conducted in laboratory settings without taking into consideration factors that would affect the disinfectant efficacy once used in the field, such as organic material, usually found protecting viral particles. Ideally, premises would be cleaned of feces and litter before applying a disinfectant; but oftentimes, poultry houses and premises are poorly cleaned after removal of a flock, consequently exposing naïve animals to residual pathogens [2] . Studying the disinfectant efficacy against IBDV or AIV in terms of concentration and contact time, while important, may prove useless unless applied under similar conditions, as in the targeted environment.
Therefore, the aim of this study was to investigate the efficacy of a combination of quaternary ammonia and glutaraldehyde as a disinfectant against very virulent (vv) IBDV and LPAIV in the presence of organic material commonly found in commercial poultry settings: fecal matter alone, feathers/dust mixed with feces, and clean wood shavings mixed with feces.
MATERIALS AND METHODS

Surface Contamination and Disinfection
Chicken feces and feathers/dust as well as wood shavings [11] , free from AIV and IBDV as tested by RT-PCR, were used in these experiments. Five g of chicken feces were placed in a 7 oz Whirlpak bag and spiked with one mL virus suspension containing 1 × 10 5 EID 50/ ml vvIBDV [12] , resulting in a final viral titer of 2 × 10 4 EID per g of feces after spiking. Ten to 20 g of feather dust and clean wood shavings were placed in separate 5.9-cm (diameter) petri dishes, and a third petri dish was left empty. One g of IBDV-spiked feces was added to each dish, mixed well with feathers/dust or wood shavings, and left at room temperature for 5 minutes.
For the AIV, 10 g of chicken feces were spiked with one mL of LPAI endemic strain H6N2 [12] with a titer of 5.6 × 10 7 EID 50 /mL, resulting in a final viral titer of 5.6 × 10 6 EID per g of feces after spiking. Ten to 20 g of feathers/dust and clean bedding material were placed in separate dishes, while a third was left empty. One g of LPAI-spiked feces was added to each dish, mixed well, and left at room temperature for 5 minutes. Both disinfection experiments using vvIBDV and AIV were repeated once. In the second experiment, a positive control plate was included for the vvIBDV and AIV experiments; this plate consisted of spiked feces that was not treated with the disinfectant.
The combination of quaternary ammonia and glutaraldehyde was diluted in autoclaved deionized water at varying concentrations, based on the manufacturer's recommendations, depending on which organic matter it was applied to: 2% on feces alone; 0.5% on feathers/dust with feces; and 1% on shavings/bedding material with feces. Five mL of disinfectant solution were then sprayed to each plate and left for 10 minutes to allow the disinfectant to act on the virus-infected samples.
University of California, Biological Use Authorization (BUA) #R2109, authorized the use of vvIBDV and LPAI viruses.
Virus Isolation
After the contact time with the disinfectant, each petri dish was swabbed with a cotton-tipped applicator and the applicator placed in a tube with 5 mL of tryptose phosphate broth (TPB) with antibiotic/antimycotic solution [13] and vortexed thoroughly. After removing the applicators, the tubes were centrifuged at 8,000 rpm for 10 min at 5
• C. The supernatant was collected and filtered using a 0.45 μm syringe filter.
Nine-day-old embryonated specificpathogen-free (SPF) chicken eggs [14] were inoculated with the IBDV disinfectant treated and non-treated control samples via the chorioallantoic membrane (CAM) method with 200 μl of the inoculum (4 eggs/sample) [15] . The inoculated eggs were incubated at 37
• C for 5 d and were candled daily. Deaths were considered nonspecific within the first 24 h post inoculation, and considered suspect after the first 24 hours. After the incubation period, the CAM and the embryos were collected from all the eggs, homogenized using a mortar and pestle, sonicated, and centrifuged at 8,000 rpm for 10 min at 4
• C. The supernatant from each sample was inoculated in a second set of 9-dayold embryos via CAM route [16] . Five d post inoculation (DPI), the CAM and embryos were collected, processed as above, and investigated by RT-PCR, using the primers and following the protocol described in [17] -in brief, a 743-bp segment of VP2 from nucleotides 737 to 1479 was amplified using primers 743-1 (5 -GCCCAGAGTCTACACCAT-3 ) and 743-2 (5 -CCCGGATTATGTCTTTGA-3 ).
In terms of the LPAI virus, 10-day-old embryonated SPF chicken eggs were inoculated via the allantoic sac with 100 μl of the LPAI disinfectant treated and non-treated samples (3 eggs/sample), as described [18] . The inoculated eggs were incubated at 37
• C for 3 d and candled daily. Deaths were considered nonspecific within the first 24 h post inoculation, and suspect after the first 24 hours. At 3 DPI, the allantoic and amniotic fluid (AAF) was collected and centrifuged at 8,000 rpm for 10 min at 4
• C and propagated for an additional passage. After the second passage, the AAF was collected from all eggs and tested by hemagglutination assay (HA) for the detection of hemagglutinating viruses, such as AIV, as described [19] .
RESULTS AND DISCUSSION
During the first experiment testing the efficacy against IBDV in both passages, no embryo mortalities or lesions specific to vvIBDV were observed during the re-isolation attempts from the different samples treated with the disinfectant (chicken feces, feathers/dust, and wood shavings). During the repetition of this experiment, we saw IBDV specific embryo mortalities after the second passage in the groups' feces and shavings treated with the disinfectant and the non-treated feces group (positive control). No embryo mortalities or lesions were observed in the feathers/dust disinfectant treated group. These results were confirmed by the RT-PCR, demonstrating the presence of IBDV RNA in the samples obtained from feces and shavings disinfectant treated groups and the feces non-treated group. No IBDV RNA was detected in the feathers/dust treated group.
Regarding AIV, no egg mortalities or embryonic lesions specific to LPAI were detected after the first egg passage in any of the disinfectant treated samples (feces, feathers/dust, and shavings). These results were confirmed during the experimental replica. The non-treated LPAI spiked feces group (positive control) was the only group in which the virus caused specific mortality in embryos during the 2 embryo n/a + n/a n/a LPAI n/a + n/a n/a n/a + Chicken feces + disinfectant vvIBDV − 3 + − + n/a n/a LPAI − − n/a n/a − − Feathers/dust + disinfectant vvIBDV − − − − n/a n/a LPAI − − n/a n/a − − Wood shavings + disinfectant vvIBDV − + − + n/a n/a LPAI − − n/a n/a − − passages. Taking advantage of the hemagglutinating properties of AI, we used HA to detect the viral agent after the second passage. No hemagglutinating activity was detected in any of the disinfectant-treated samples after 2 passages in embryonated SPF eggs. Results are summarized in Table 1 . The addition of quaternary ammonia and glutaraldehyde hybrid disinfectant partially and completely inactivated vvIBDV and AIV, respectively. These results reflect the importance of organic material as a barrier impeding the contact of disinfectants and the infectious agents, as we previously showed by testing footbath effectiveness in inactivating AI in rubber boots [20] . In this experiment during its repetition, while feathers/dust was permeable to the disinfectant, feces and shavings were impermeable, protecting the vvIBDV virus from being inactivated. Interestingly, this was the case even though the disinfectant was used at a lower concentration on the spiked feathers/dust than on the feces and the wood shavings. From an applied perspective, these results are important to stress the relevance of mechanical removal of organic material prior to washing and subsequent disinfection -a crucial step to allow effectiveness to disinfectants.
The divergent results between the 2 experiments when testing the effectiveness of the quaternary ammonia and glutaraldehide against vvIBDV might be reflecting inconsistence in the mixing of the spiked feces and the organic material or simply a better spray coverage of the disinfectant during experiment one in comparison to experiment two. Nonetheless, the results confirm the importance of replicates in testing disinfectant effectiveness in laboratory settings.
Disinfectants can be highly effective against a wide variety of viruses, including enveloped such as vvIBDV and non-enveloped such as LPAI. However, the presence of organic materials in the application area attenuates and sometimes eliminates their disinfection capabilities [21] , thus perpetuating the need for experiments such as the present study, which examined disinfectant efficacy in the presence of organic material.
As a surface active agent, quaternary ammonia inactivates viruses by altering its surface components at or next to the viral attachment sites, which would react with the receptors on a host cell surface [22] . Quaternary ammonia compounds are absorbed by viral proteins with subsequent inactivation [23] , but effectiveness is diminished in the presence of organic matter [24] . Glutaraldehyde on the other hand, is found to remain relatively unaffected by high levels of organic matter and is thought to mainly target nucleic acid, proteins, and envelope constituents [6] . Thus, the combination of quaternary ammonia and glutaraldehyde, even at low concentrations, would be a good disinfectant selection to combat enveloped as well as resistant nonenveloped viruses within field conditions of the commercial poultry industry.
Takehara et al. [25] reported that although AIV is vulnerable to disinfectants, the antiviral activities of the disinfectants are diminished in the presence of organic matter. The loss of efficiency may be caused by the physical barrier formed between the disinfectant's ingredients and organic matter, inhibiting their contact [26] and, therefore, protecting the microorganisms from the effects of disinfectants [27] . Even the presence of only 10% avian feces significantly reduced formaldehyde activity against IBDV [28] , explaining the resiliency of avian viruses in highly contaminated areas. In the present study, the combination of quaternary ammonia and glutaraldehyde partially and fully inactivated vvIBDV and LPAI, respectively, in contact with fecal matter. This study utilized 10 to 20 g of organic matter with a small amount of virus-infected fecal material added. In an environment where thousands of chickens reside, there would be more fecal material present and possibly a higher viral titer per g of organic matter, depending on the virus as well as management practices [29] [30] [31] [32] . This study focused on the efficiency of the disinfectant combination in the presence of organic material but did not account for different contact times or environmental factors such as temperature or humidity, which could have helped give a more accurate representation of the disinfectant performance.
Considering the resiliency of the nonenveloped vvIBDV, the contact time during which a disinfectant is effective becomes crucial. Guan et al., found that the contact time required for disinfectants to effectively kill viruses was much greater in heavy organic loads than in light ones [33] . In terms of susceptibility, neither a 5-hour incubation with 0.5% phenol nor a onehour incubation with 0.0125% merthiolate had an effect on IBDV infectivity; only after a 6-hour incubation with 0.5% formalin did infectivity finally decrease [8] . In this study, however, quaternary ammonia and glutaraldehyde partially and fully inactivated vvIBDV and LPAI, respectively, with only a 10-minute contact time, which may be a more practical timeframe in the field to successfully clean and disinfect tools and surfaces. Another study analyzing the efficiency of the disinfectant combination of quaternary ammonia and glutaraldehyde in salmon production found that even at a low concentration (1:400), the disinfectant had a significant effect on infectious pancreatic necrosis virus, a member of the family Birnaviridae like IBDV, with 2, 5, and 15 min of exposure, regardless of the viral titers used. Treatment of IBDV-contaminated chicken litter with 3 or 5 mL of metam-sodium as a disinfectant was enough to completely inactivate the virus, but only 60 min after its addition to the litter [34] . Several studies would indicate that IBDV is difficult to inactivate, confirming the partial success that the combination of quaternary ammonia and glutaraldehyde had against this difficult virus under a short exposure time and variety of surfaces.
Influenza viruses are recognized as easy viruses to inactivate and can be inactivated by all the major classes of disinfectants, if used correctly [5] . In a similar study, this same combination of quaternary ammonia and glutaraldehyde also was effective in completely inactivating three AIV H5N1 reference viruses, regardless of the temperature or storage time of the disinfectant prior to virus exposure [35] . The efficiency of this combination was demonstrated again when phenol, sodium hypochlorite, quaternary ammonia, and quaternary ammonia plus glutaraldehyde were shown to completely inactivate the LPAI H7N2 virus [36] . Similar results were observed when highly pathogenic AIV H5N1 was completely inactivated after a 10-minute exposure to glutaraldehyde, phenol, peracitic acid, and ammonium chloride individually [37] , indicating that glutaraldehyde can be effective even against highly pathogenic AIV under a contact time of 10 minutes.
The chemical inactivation of viruses could assist in disrupting infectious life cycles and disease transmission, leading to overall containment and control efforts [38, 39] . The results of the present study demonstrate that at the specific concentrations recommended by the manufacturer (2, 0.5, and 1%), quaternary ammonia combined with glutaraldehyde were effective in partially and fully inactivating vvIBDV and LPAI within a contact time of 10 minutes. Additionally, this was demonstrated in the presence of organic material commonly found in the commercial poultry industry: contaminated fecal matter, feathers/dust, and wood shavings. Although studies show there are disinfectants capable of eliminating enveloped and non-enveloped viruses, it should be recognized that the removal of organic materials is essential for this to occur.
CONCLUSIONS AND APPLICATIONS
1. LPAI was not re-isolated from the spiked organic samples used: feces alone, feathers/dust, and wood shavings, after treatment with the disinfectant. 2. The combination of quaternary ammonia and glutaraldehyde as a disinfectant was effective in partially and fully inactivating vvIBDV and LPAI, respectively, at the recommended concentrations on the contaminated substrates under experimental conditions. 3. The present study shows that the disinfectant combination was partially and fully effective against a non-enveloped and an enveloped virus, respectively. This creates the need for future studies to test this and other disinfectant abilities under significant factors such as shorter contact times, temperature, humidity, and greater amounts of organic material. 4. The removal of organic material is crucial for the disinfectant effectiveness.
